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Microstructural properties of „Ba,Sr …TiO3 films fabricated
from BaF 2 ÕSrF2 ÕTiO2 amorphous multilayers using the combinatorial
precursor method
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We have investigated the microstructure of~Ba, Sr!TiO3 films fabricated from BaF2 /SrF2 /TiO2

amorphous multilayers. Rutherford backscattering spectroscopy and x-ray diffraction studies show
that a controlled thermal treatment can interdiffuse the multilayers so as to create predominantly
single-phase epitaxial~Ba, Sr!TiO3 films. A high resolution cross-sectional transmission electron
microscopy investigation of the processed films shows that they consist of large epitaxial grains of
~Ba, Sr!TiO3 with atomically sharp interfaces with the LaAlO3 substrates. In addition, we have
identified regions where polycrystalline and transient phases exist in small pockets in the film
matrix. The results here indicate that the combinatorial thin-film synthesis using precursors can
produce~Ba, Sr!TiO3 films in combinatorial libraries which exhibit properties similar to those films
made by conventional techniques. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1388563#
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INTRODUCTION

Combinatorial thin-film materials synthesis has prov
to be a powerful tool in exploring new and improved com
positions of electronic materials.1–6 Its utility and effective-
ness have been demonstrated with highTc superconductors
and in successful discoveries of a novel phase of magne
sistive materials and a series of new luminescent mater
Recently, it has also been used to improve and optim
properties of ferroelectric/dielectric materials.3,4–6 There are
several different methods of creating large compositio
variation in thin-film combinatorial libraries and compositio
spreads. One such fabrication method, the precursor met
can truly bring out the combinatorial nature of the synthe
approach because it creates different compositions from m
tilayers of amorphous precursors. By varying the combi
tions and thicknesses of precursors deposited at differen
sitions, one can generate very diverse compositio
variation across the libraries. In this method, following t
depositions, libraries undergo controlled thermal treatme
to ~1! diffuse and mix the precursors and~2! crystallize ap-
propriate compounds at each site. We have demonstrate
x-ray diffraction that this technique can be used to obt
predominantly single-phase epitaxial films on lattic
matched substrates.3,6
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~Ba, Sr!TiO3 ~BST! with a perovskite structure repre
sents a very important materials system whose applicat
are widely pursued for use in a variety of fields. Properties
ceramic BST have been studied for decades. We have p
ously fabricated various thin-film libraries of BST and r
lated compounds in search of improved ferroelectr
dielectric materials for thin-film microwave device an
dynamic random access memory~DRAM! applications.
From the dopant libraries, we have found that W dop
BST exhibits lower leakage current and lower micr
wave loss compared to undoped BST.3,4 Ba0.12– 0.25

Sr0.35–0.47Ca0.32–0.53TiO3 was identified from a continuou
composition spread of~Ba, Sr, Ca!TiO3 as a compositiona
region with relatively low microwave loss.6 In these experi-
ments, the desired composition at each position of the libr
was created by combining different ratios of BaF2 or BaCO3,
SrF2 or SrCO3, and TiO2. The amorphous layers were depo
ited on ~100! LaAlO3 ~LAO! by sputtering and/or pulsed
laser deposition. Carefully controlled thermal treatments
the precursor multilayers resulted in the formation of p
dominantly epitaxial BST films at each site.

Although this technique is far from conventional for fa
ricating BST films, the same precursors and similar post
nealing processes are commonly used in fabricating bulk
ramic BST. BaF2 have also been used in fabrication of ea
YBa2Cu3O72x films, where Y, BaF2, and Cu were co-
evaporated onto room temperature substrates, and su
quently annealed in oxygen for formation of th
4 © 2001 American Institute of Physics
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compound.7,8 In these studies, it was observed that tempe
tures above 800 °C were required for complete dissocia
of BaF2 and successful formation of YBa2Cu3O72x . Suc-
cessful thin-film fabrication from precursors has been de
onstrated in many metal–oxide systems.1–3,5,6 There are
other nonoxide materials systems whose novel phase sp
may also be pursued with the combinatorial synthesis us
precursors. For instance, high quality thin films of I–III–V
semiconductors such as chalcopyrites CuInSe2 have been
successfully fabricated by seleniding and/or sulfiding
nealed multilayers of metal and/or metal–oxide precurso9

This suggests that these materials systems can perhaps
be explored through a combinatorial approach using a s
lar fabrication technique. However, the precursor techni
is not universally applicable to all materials systems. Ev
when the predominantly formed phase is the desired ph
other minority phases and regions with microstructural
viations are expected to occur.

The success and integrity of the combinatorial thin-fi
approach using the precursor technique depends on how
one can map out the trend with which the compositio
variation changes the physical properties across the libr
This does not usually translate to having to fabricate mat
als with absolutely no minority phases and microstructu
defects within each compositional region. For instance
superconductor libraries, as long as there is a sizable su
conducting domain within a fixed~by design! compositional
region, most measurement techniques can detect their p
ence. On the other hand, there are materials properties
are critically affected by small amounts of impurity phas
and defects. Applicability of the precursor technique to
specific materials system needs to be determined on a c
by-case basis, and its success depends on the degree to
defects can affect the macroscopic physical property of
terest.

In order to investigate the limit of the precursor tec
nique for making libraries of various materials, it is impo
tant to understand the details of the phase formation pro
and microstructural development in thin films made fro
precursors. To this end we have performed high resolu
cross-sectional transmission electron microscopy~TEM! on
BST films made from precursors. In particular, we ha
looked at films made with fluoride precursors. Such stud
can also help elucidate the fundamentals of crystal forma
process in BST. We find that there are indeed large epita
grains with atomically sharp interfaces with the substra
Along with these grains, polycrystalline regions are a
found.

EXPERIMENT

The precursor films studied here were deposited
pulsed laser deposition and/or sputtering onto~100! LAO
substrates at room temperature. Some samples were als
posited on~100! MgO for Rutherford backscattering spe
troscopy study. The TiO2 layer is deposited first, followed by
the deposition of~Ba, Sr!F2. The required thicknesses of th
layers to be deposited were calculated based on the de
and the molecular weight of the precursors. For instan
Downloaded 21 Feb 2002 to 131.243.3.59. Redistribution subject to AI
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'130 nm of BaF2 and'70 nm of TiO2 were used to obtain
'200 nm of BaTiO3. We have found that the change in th
total film thickness after the annealing processes is ne
gible. Following the deposition, the samples were placed
200 °C oven for a week. This turned out to be a crucial s
in the annealing process: When this period is not lo
enough, subsequent annealing does not lead to proper
talline compound formation.10 Following the 200 °C anneal
the samples were annealed at 900 °C for 1.5 h in flowing2.
Some of the samples were also annealed at 400 °C for 2
prior to the 900 °C anneal. However, this additional anne
ing step at 400 °C resulted in no substantial differences
microstructure. All furnace ramp rates were 1 °C/min. Th
annealing procedure is identical to the one used in proces
combinatorial libraries of BST and related materials in o
prior work.3,6 For the present study, typically a set of samp
were placed in the furnace to be annealed together and w
taken out one after another successively at different temp
tures, so that we could observe the evolution of the diffus
process as well as phase formation.

RESULTS AND DISCUSSION

Rutherford backscattering spectroscopy~RBS! and x-ray
diffraction were utilized extensively to characterize the p
cessed thin films. Figure 1 shows a series of RBS spectra
BaF2 /TiO2 samples which were taken out at various stag
in the annealing process. These particular samples w
made on~100! MgO substrates so that Ba and Ti peaks a
clearly visible in the RBS spectra. In general, the peaks
significantly broader compared to what one expects fr
such multilayers. This is due to the marked roughness~on the
order of 100 nm! of the BaF2 precursor layer which occurs a
a lateral length scale much smaller than the beam spot siz
He beam~'400mm! used for RBS. Thus, rather than fittin
the spectra for quantitative analysis, we discuss the qua
tive results. As the samples experienced a continuous
crease in annealing temperatures from 400 °C~curve A! to
700 °C ~curve B!, the peaks appeared to have beco
slightly broadened indicating that there was small amoun
diffusion that had taken place in between 400 °C and 700
In contrast, the sample taken out at 900 °C~curve C! displays

FIG. 1. RBS spectra of BaF2 ~130 nm!/TiO2 ~70 nm! on ~100! MgO an-
nealed in flowing oxygen as the temperature was ramped up at 1 °C/
Samples A, B, and C were annealed up to 400, 700, and 900 °C, res
tively.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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a substantial change in the spectrum indicating that sig
cant diffusion had taken place between 700 °C and 900 °

The phase formation process is found to occur conco
tantly with the diffusion process. x-ray diffraction was us
to characterize the crystallinity of the annealed samples
all cases in which the samples were annealed at up
temperatures,700 °C, there were no visible peaks from th
films. In contrast, samples taken out at 900 °C showed c
peaks from~Ba, Sr!TiO3 indicating that most of the phas
formation occurred between these temperatures. Figu
shows the x-ray diffraction results from one such BaF2 /TiO2

FIG. 2. ~a! u–2u scan of BaF2 ~130 nm!/TiO2 ~70 nm! on ~100! LaAlO3

annealed up to 900 °C. Strong peaks from~100! BaTiO3 are observed.~b! f
scan of the~101! plane of the same film. The inset shows a schematic of
phase formation process from precursors.
Downloaded 21 Feb 2002 to 131.243.3.59. Redistribution subject to AI
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sample on~100! LAO annealed and taken out of the furna
at 900 °C. Theu–2u scan@Fig. 2~a!# clearly shows the peak
from the ~100! oriented BaTiO3. As seen in this logarithmic
plot, no other discernible phases are present in the film.
full width at half maximum~FWHM! of the ~200! peak is
0.35°, which compares with 0.3° for the FWHM of the sam
peak of a typical BaTiO3 film on LAO in situ deposited~onto
a heated substrate! by pulsed laser deposition.11 The peak
broadening is an indication of the presence of defects and
nonideal crystallinity in the films made from precursors. F
ure 2~b! is af scan of the~101! plane of BaTiO3 of the same
film. The fourfold symmetry indicates epitaxial growth of th
film on ~100!. LAO with the expected cube-on-cube relatio
ship. The FWHMs of the peaks are 1°, which is the same
those from typicalin situ grown films indicating good in-
plane orientation. Similar numbers have been obtained
other ~Ba, Sr!TiO3 films made from precursors.10

Figure 3~a! is a cross-sectional high-resolution transm
sion electron microscopy ~HRTEM! image of a
Ba0.5Sr0.5TiO3 film made from precursors on~100! LAO. The
image is taken along the@010# direction. A large continuous
epitaxial grain is seen. Figure 3~b! is a computed diffracto-
gram from a selected region in Fig. 3~a!, and it attests to the
cube-on-cube epitaxial relationship. Figure 4~a! is a HRTEM
image of a~Ba0.8Sr0.2!TiO3 film made from precursors take
at higher magnification. The selected area diffraction~SAD!

e

FIG. 3. ~a! Cross-sectional HRTEM of Ba0.5Sr0.5TiO3 made from precursors
on LaAlO3. The image is taken along the@010# direction. A large epitaxial
grain with an atomically sharp interface is observed.~b! Computed diffrac-
togram from a selected region in~a!.
p
uit
n.

he
ion
FIG. 4. Ba0.8Sr0.2TiO3 film made from precursors on
LaAlO3. The image is taken along the@010# direction.
~a! HRTEM image showing an epitaxial relationshi
between the substrate and the film. A Burgers circ
shows the presence of an interfacial misfit dislocatio
~b! Corresponding selected area diffraction of both t
substrate and film showing a cube-on-cube orientat
relationship. An enlargement of~200! reflections shows
a spread of orientations for the Ba0.8Sr0.2TiO3 film.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 5. ~a! Low magnification cross-sectional dark field image of a BaTiO3 film made from precursors. The image was taken with both LaAlO3 and BaTiO3

~010! reflections, and its bright contrast represents a cube-on-cube oriented continuous epitaxial film. The continuity of the film is interrupted in tion
marked A.~b! Bright field image of that region. A selected area diffraction of this region shows the presence of polycrystalline grains with structures
from that of BaTiO3.
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pattern@Fig. 4~b!# indicates that the film has a~100! orien-
tation, and it has a cube-on-cube epitaxial relationship w
the substrate. A Burgers circuit shows the presence ofb
5@001#a interfacial misfit dislocation. At the bottom of Fig
4~b! is an enlargement of~200! reflections, which shows a
spread of orientations for the~Ba0.8Sr0.2!TiO3 film. It is from
the mosaic spread associated with the formation of m
dislocations. The film has an atomically sharp interface w
the substrate. The period of dislocation is'20 unit cells,
which is consistent with the lattice mismatch between LA
and thec axis of ~Ba0.8Sr0.2!TiO3. Images such as thes
clearly indicate that the film growth nucleated at the int
faces.

Along with the epitaxial grains, which are the domina
feature of the films, we also encountered regions that
played the formation of polycrystalline grains. The over
volume fraction of these regions is such that they do
appear in the standard large area powder-type x-ray diff
tion, which only displays peaks from the large epitax
grains @Fig. 2~a!#. Figure 5 is a low magnification cross
sectional dark field image of a BaTiO3 film made from pre-
cursors. The image was taken along the@010# direction. It
was taken with both LAO and BTO~010! reflections, which
are very close to each other. Its bright contrast represen
substrate and BTO regions which are in cube-on-cube or
tation. The continuity of the epitaxial film is interrupted
the region marked A. Figure 5~b! is a bright field image of
region A. The image and SAD diffraction~not shown here!
of this region indicate the presence of polycrystalline gra
with structures different from that of BaTiO3. The extent of
the distribution of these regions in the film depends on
deposition/annealing conditions, and it varies somew
from sample to sample, but all the samples we have stu
exhibited areas with such nonepitaxial regions. Although
exact mechanism is not clear, in this particular case, we
lieve it was the nonuniformity in the thickness of the depo
ited BaF2 in the region which led to the formation of th
Downloaded 21 Feb 2002 to 131.243.3.59. Redistribution subject to AI
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polycrystalline region. Polycrystalline grains in such regio
have most likely nucleated inside the bulk of the film, rath
than at the interface.

We have also observed the occurrence of microstruct
defects at a much smaller scale. Figure 6 is a high-resolu
image taken of a Ba0.8Sr0.2TiO3 sample. The image is take
along the@010# direction, and the image region is 150 n
wide. Here, there are polycrystalline phases at the interfa
and above them~above the dotted line!, there is an epitaxial
grain, which had apparently nucleated at a nearby interf
region and continued to grow over the nonepitaxial reg
shown. For the most part, individual nonepitaxial doma
such as these are small~at most tens of nm in size!, and they
have likely formed as a result of nonuniform diffusion of th
precursors. Different regions marked by letters of the alp
bet are identified as epitaxial and oriented cube on cube~a, b,
and c!, nonepitaxial perovskite~d!, Ba–Sr–Ti–O transient

FIG. 6. Cross-sectional HRTEM of a Ba0.8Sr0.2TiO3 film made from precur-
sors on LaAlO3. The image is 150 nm across, and it was taken along
@010# direction of the substrate. Regions a, b, and c are epitaxial and
oriented cube on cube with the substrate. Region d is epitaxial but textu
Regions e and e8 are transient phases. Regions f and f8 are grains in orien-
tations that do not form lattice fringes. The dotted line is the bound
between epitaxial and nonepitaxial regions.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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phases~e and e8!, and grains in orientations not formin
lattice fringes~f and f8!. The transient phases have formed
a result of incomplete interdiffusion of the precursors, a
their crystal structures are different from that of the pero
skite phase. An example of a transient phase is BaTi2O5. The
formation of these phases is dictated by the local equilibri
of off-stoichiometric composition distribution. Since the pr
cursor diffusion and the BST crystallization take place
right around the same temperature range~700–900 °C!, it is
likely that such phases form prematurely in some localiz
regions prior to completion of uniform interdiffusion. The
is evidence that the some of the transient phases event
turn into the correct perovskite BST phases upon further
nealing. We are currently investigating the nature of t
process.12

The dielectric properties of the films were measured
ing interdigitated electrodes at 1 MHz and a scanning e
nescent microwave microscope at 1 GHz.13 The precursor
films have been shown to display complex dielectric co
stants in the same range as the ones measured fromin situ
grown films of the same compositionsin situ deposited on
heated substrates.10 In particular, for a 200 nm thick BaTiO3
film, e and tand were 840 and 0.094 at 1 MHz and 590 a
0.42 at 1 GHz, respectively, measured at room temperat

CONCLUSION

We have studied the microstructural details
~Ba, Sr!TiO3 films made by annealing BaF2 /SrF2 /TiO2

amorphous multilayers in flowing oxygen. We have fou
that predominant interdiffusion of the precursor layers
well as phase formation take place at>700 °C. High-
resolution cross-sectional TEM of the films reveals tha
large fraction of the films consists of epitaxial regions. Th
Downloaded 21 Feb 2002 to 131.243.3.59. Redistribution subject to AI
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confirms the validity of the combinatorial technique as a
plied to this materials system, and the films obtained in co
binatorial libraries made from precursors can be expecte
display properties similar to those made by more conv
tional techniques. Further investigation of the phase nu
ation and its evolution in annealed precursor films is c
rently under way.
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